Abstract In the terrestrial salamander (Plethodon cinereus), previous work has shown that mother's body size is positively correlated to offspring size at the time of hatching even after controlling for the effects of egg size. This study was designed to determine whether maternal body size affects offspring size via pre-oviposition factors (e.g., yolk quality, jelly coat composition, or maternal genes) or post-oviposition factors (e.g., parental care behaviors, parental modification of environment). Gravid females were captured and induced to lay eggs in experimental chambers in which the environment was standardized. Fifteen clutches were exchanged, or crossfostered, between female pairs differing in body size. Ten females whose eggs were taken away and then returned served as controls for the crossing treatment. Foster mothers did not significantly differ from control mothers in the time spent with eggs, body position, or number of egg movements during brooding. Average egg mass measured midway through development was not significantly correlated to the body size of either the genetic or foster mother, but was correlated to pre-oviposition oocyte size. At hatching, offspring body length was positively correlated to egg size and the foster mother's body size. This correlation suggests that in P. cinereus post-oviposition maternal effects have a greater impact on offspring size than other maternal factors incorporated into the egg prior to oviposition. While our study showed that larger mothers moved their eggs less often and tended to spend more time in contact with their eggs, further work needs to be done to identify the specific mechanisms through which larger mothers influence the body size of their offspring. This is the first experimental demonstration of postoviposition maternal effects for any amphibian with parental care.
Introduction
A special kind of environmental effect that can influence the expression of a phenotype is the influence of maternal traits on offspring. Maternal effects are typically referred to as the non-genetic influence of mothers on their offspring (Mousseau and Fox 1998) and have been documented in all groups of vertebrates (Bernardo 1996) , insects (Mousseau and Dingle 1991) , and plants (Roach and Wulff 1987; Lacey 1998; Galloway 2001) . Several studies have demonstrated that maternal effects can act to enhance offspring fitness (e.g., Sinervo and Doughty 1996; Donohue 1999) , supporting the ecological and evolutionary importance of these effects (Kirkpatrick and Lande 1989; Bernardo 1996) . Maternal environmental effects, such as egg/ovule provisioning, uterine environment, timing of reproduction, nest location, and parental care behaviors, can especially enhance offspring fitness through their effects on embryonic development (Mousseau and Fox 1998) .
This study investigated the effect of maternal body size on offspring size in the redbacked salamander, Plethodon cinereus, a salamander with a completely terrestrial life cycle. Maternal effects have been studied in amphibians with aquatic reproductive modes, focusing mainly on preoviposition traits such as yolk provisioning per offspring (e.g., egg size; see review in Kaplan 1998 ) and oviposition site choice (Resetarits and Wilbur 1989; Resetarits 1996) . Studying amphibian parental care, such as in the salamanders within the Plethodontidae, provides an excellent opportunity to investigate the importance of maternal effects because these species (1) allocate a large energetic investment per offspring, (2) exhibit obligate maternal care for the duration of embryonic development, (3) have long development periods that can last up to 6 months, and (4) have oviposition sites chosen by individual females (Bernardo 1996) . Therefore, maternal phenotypes can affect offspring through a variety of preoviposition traits (e.g., egg size and yolk quality) and postoviposition traits (e.g., brooding behavior and oviposition site quality).
Plethodon cinereus is a particularly appropriate species to examine the ecological significance of maternal effects because it is among the best-studied terrestrial salamanders in terms of distribution, ecology, and behavior (e.g., Highton and Savage 1961; Sayler 1966; Jaeger 1972 Jaeger , 1979 Mathis 1990; Ng and Wilbur 1995) . It is a small, slender salamander (≤50 mm snout-vent length) that can be found in woodlands from North Carolina to southeastern Canada and from the Atlantic coastal plain to Minnesota (Conant and Collins 1991) . Females mature after 2-3 years, have small clutches of large eggs (3-14 eggs, 3.5-4.5 mm diameter), and display obligate maternal care (Sayler 1966) .
Multivariate analyses of female reproductive traits of P. cinereus have shown that maternal body size has a positive affect on hatchling size after the effect of egg size is statistically removed (Crespi 2001) . Beyond egg size, there are two pathways for maternal body size to affect offspring size that are not mutually exclusive. First, larger mothers may transmit factors that enhance body size of their offspring prior to oviposition, such as genes for hatchling size or yolk quality. For example, it is possible that larger mothers may provision higher quality yolk in their eggs relative to smaller females. In support of this hypothesis, larger P. cinereus females are associated with larger territories with more soft-bodied, high-quality prey items (Mathis 1990; Gabor 1995) , which may translate into eggs with higher protein and lipid contents.
The second pathway through which larger females could positively affect their offspring size is via postoviposition effects. The eggs of amphibians are protected only by a semi-permeable jelly coat and are therefore vulnerable to continuous threats of desiccation, fungal infections, and predation throughout embryonic development (Salthe and Mecham 1974) . Previous studies have shown that brooding behaviors increase egg survival via several mechanisms: reducing predation (Highton and Savage 1961; Forester 1983) ; increasing hydration (Forester 1984; Taigen et al. 1984) ; and reducing fungal or bacterial infection (Forester 1981; Austin 2000) . We hypothesize that brooding behavior of larger females can also affect specific offspring traits such as offspring size. Larger females may be older and more experienced parents, thereby exhibiting maternal care behaviors that positively affect hatchling size. Alternatively, female body size may passively reduce desiccation by simply reducing the surface area of each egg that is in contact with air, thereby allowing for better-hydrated, larger offspring. For example, in the terrestrial frog Eleutherodactylus coqui, Taigen et al. (1984) found that egg mass and hatchling mass were greater when eggs were reared in contact with more moist substrates.
One method that can be used to experimentally determine the contribution of pre-oviposition and postoviposition effects on offspring is the cross-fostering technique. Cross-fostering has been used extensively in mammals and birds (Rutledge et al. 1972; Atchley and Rutledge 1980; Smith and Wettermark 1995; Roff 1998) to answer similar questions, but it has not been used with any species of salamander. Because we observed that both non-reproductive and reproductive P. cinereus females would brood other females' eggs in preliminary trials, we decided to use cross-fostering to determine the relative importance of pre-oviposition and post-oviposition maternal effects on offspring body size.
Materials and methods
We collected gravid female Plethodon cinereus from under rocks and logs in forested areas in the vicinity of Mountain Lake Biological Station, Giles County, Va., from April to May 2000. We measured snout-vent length (SVL) with digital calipers and determined clutch size and oocyte diameter by candling females with a fiber-optic light. We initially maintained females in small plastic containers with moist leaf litter at 17-19°C on a 15L:9D photoperiod and categorized and paired females according to body size differences and clutch size. Only clutch sizes of 7-9 eggs were used in this study to standardize for egg number and size among pairs.
To measure oocyte diameter prior to oviposition, we briefly anesthetized females by submerging them in a 0.01% phenoxyethanol solution. We positioned females on their backs on a clear plastic petri dish and then covered them with a black plastic plate with only a clear window over the female's abdomen. With a photographic flash placed underneath the dish, we took pictures that captured the transilluminated abdomen of each female. For each female, we measured the diameter of all the oocytes from these photographs and calculated the average oocyte diameter. To estimate the average preoviposition oocyte volume for each female, we assumed that the egg shape approximated a sphere and used the average oocyte radius calculated from the photographs in the equation. We could calculate pre-oviposition egg volume in only a subset of females because some photographs were not clear enough to measure egg diameter accurately.
To induce ovulation and oviposition, we used a modified protocol from Kay and Peng (1991) . Females were injected with 12.5 IU of pregnant mare serum gonadotropin (Calbiochem, Inc.) in a volume of 50 μl phosphate-buffered saline (PBS) into the peritoneum of the abdominal region. Females were injected 48 h later with 25 IU of human chorionic gonadotropin (Chorulon, Provet, Inc.) in 50 μL PBS. After the first injection, females were moved into petri dishes with moist filter paper as substrate and a half-section of 1-inch (2.4 cm) PVC pipe that served as a cover object. Ovulation occurred within 2-3 days after the second injection.
After we observed stereotypical brooding behavior for 10 days, entire clutches were exchanged between 30 female pairs. Ten additional females had their clutches taken away and then immediately given back to serve as controls for the effects of switching the eggs. Fourteen days after the eggs were cross-fostered, we replaced the filter paper in the petri dishes with a sphagnum pad to reduce the occurrence of bacterial and fungal infections and to create a more natural brooding environment for the females. We sprayed the females with approximately 1 ml of water periodically to maintain constant moisture. We fed the females pinhead crickets and mealworms once a week to reduce the propensity of females to eat their eggs (oophagy).
We observed females twice daily to determine whether maternal care behaviors differed between transfer and control treatments. These observations were taken between 0800 hours and 0900 hours (day) and again between 1900 h and 2400 h (night) for 5 weeks during the brooding period, resulting in a total of 32 day observations and 22 night observations. During each observation period, we recorded the following information: (1) whether or not the female was in contact with eggs, (2) whether or not eggs were moved since the last observation, and (3) the number of eggs in the clutch. The contact score was calculated as the percentage of all observations in which females were in contact with their eggs, and the egg movement score was the total number of times females were observed to rearrange or move their eggs over all observations. Analysis of variance (ANOVA) was used to determine differences between foster mothers and control mothers in the percentage of time spent with eggs during the day and night. We used the arcsinesquare root transformation in the statistical analysis to satisfy the assumption of normality. The Mann-Whitney U-test was used to compare the number of times the eggs were moved and the number of eggs eaten between cross-foster and control mothers. These and all other statistics were calculated in SAS for Windows V. 8.1 (SAS 2000) .
After 36 days of development (approximately the midpoint), we briefly removed clutches from the petri dish to measure clutch mass and average egg diameter. Clutch mass consisted of the mass of the embryos and the jelly coats surrounding them. We estimated average egg mass by dividing the total clutch mass by the number of eggs in the clutch. At the time of hatching, we measured mass and body length (head to tail) of each offspring. Total body lengths were measured because the vents were difficult to see and all tails were of full length at the time of measurement. Pearson correlation coefficients (r) were calculated to reflect the relationships between average egg mass and genetic mother SVL, foster mother SVL, and pre-oviposition oocyte volume. Similarly, correlations between hatchling length and egg size (36 days), genetic mother SVL, and foster mother SVL were calculated.
Sample sizes of both the foster mothers and control mothers diminished throughout the course of the experiment due to abandonment of eggs by mothers. By 36 days of egg development (midpoint of the brooding period), 60% of control and 50% of foster mothers were still brooding their eggs (Table 1 ). The final sample sizes at the time of hatching were 6 control females and 10 crossfoster females. The reduction in the number of the foster females in the last measurement was not due to abandonment, but rather because we did not observe the exact hatching date of five females. Because offspring grow in length after the time of hatching, the measurements taken at this time would not be consistent with the measurements taken of the other hatchlings in the study and, therefore, were not included in the final analyses.
Results
Both transfer and control mothers ate eggs at a similar rate during the course of development ( Table 2 ). After 36 days of development, egg mass was significantly correlated with estimated pre-oviposition oocyte volume (r=0.84, df=1,6, P=0.009), and a positive trend was observed between egg mass and foster mother's SVL (r=0.46, df=1,13, P=0.08) (Fig. 1) . Egg mass did not vary with SVL of the genetic mother (P=0.27). At hatching, offspring body length was significantly and positively correlated with egg mass at 36 days (r=0.64, df=1,8, P=0.05) and foster mothers' SVL (r=0.77, df=1,8, P<0.01), but it was not correlated with genetic mothers' SVL (r=0.07, df=1,8, P>0.05) (Fig. 1) . Larger foster mothers moved their eggs fewer times than smaller mothers (r=−0.52, df=1,8, P=0.05) (Fig. 2) . Larger mothers also tended to be in contact with their eggs for more time than smaller mothers (r=0.48, df=1,8, P=0.07).
Discussion
We used the cross-fostering technique successfully in this study to show that both pre-and post-oviposition maternal traits affect offspring size at hatching in Plethodon cinereus. Initial oocyte size, primarily a female body size-and clutch size-dependent trait determined prior to oviposition, was indirectly related to hatchling size via its positive relationship with egg size during development. In addition, the positive correlation between hatchling length and the foster mother's body length shows that female body size can affect offspring size during the brooding period. From our observations, control females who cared for their own eggs did not show significantly different brooding behaviors than females who cared for another female's eggs. This was consistent regardless of the time the behavior was observed (day or night) or the type of behavior being observed. These tests were essential to show that behavioral artifacts of the cross-fostering treatment did not confound the relationships observed among mothers, eggs, and offspring size. In addition, cross-foster and control females did not significantly differ in the rate of abandonment or in the number of eggs eaten throughout development. Abandonment and oophagy are common in field populations of P. cinereus (Crespi 2001; J. Gillette, K. Yurewicz, and H. Wilbur, personal communication) and have been documented in other lab experiments with brooding plethodontid salamanders (Highton and Savage 1961; Forester 1984) . Even with reduced sample sizes, and therefore reduced statistical power, our ability to detect significant correlations in this study suggests that the effect of the parenting mother's body size is robust. Admittedly, larger sample sizes are necessary to conduct the multivariate analyses needed to fully understand the relative contribution of various maternal effects (e.g., egg size, mother's body size, and mother's behaviors) on offspring size at hatching. Overall, cross-fostering appears to be a powerful tool for future investigation of maternal effects in P. cinereus and other salamanders with parental care.
Although this is the first cross-fostering experiment in salamanders reported in the literature, previous crossfostering studies in birds and mammals have found that environmental effects can supersede genetic effects on offspring phenotypes (Rutledge et al. 1972; Ricklefs and Smeraski 1983) , but others have found the opposite (Dhondt 1982; Smith and Wettermark 1995) . It appears that the importance of the environment provided by the mother in determining various characteristics of offspring phenotype varies among the traits examined and the 309 Fig. 1 Relationships among offspring size, genetic mother's snout-vent length (SVL), and foster mother's SVL for two stages of offspring development: egg size after 36 days of development (top, n=15) and body size at hatching (bottom, n=10). Only cross-fostered clutches are represented in these graphs. Because 8 of 15 females had clear photographs of pre-oviposition oocytes, the sample size for the correlation between this variable and average egg size at 36 days was reduced. Statistically significant regression lines are shown (P<0.05) Fig. 2A , B Relationships between foster mother's snout-vent length (SVL) and brooding behaviors (n=15): A percentage of observations where females were in contact with eggs and B total number of times females were observed rearranging or moving eggs environmental conditions of a given breeding season. Indeed, previous work with P. cinereus suggests that the importance of female body size on offspring size depends on the environmental conditions during the brooding period (Crespi 2001). In our cross-fostering experiment, moisture, temperature, and substrate were standardized across females so that the variation in offspring size could be attributed unambiguously to aspects of the female. In a two-year field experiment, however, Crespi (2001) used multivariate analyses to show that only egg size was correlated to hatchling length in a wet year, while maternal body size completely eclipsed the egg-size effect on hatchling length in a drought year. Crespi (2001) also showed that body size at hatching was positively correlated with survival through the first year of life. While others have shown that parental care increases offspring fitness by increasing egg survival (e.g., Tilley 1972; Forester 1981) , these results suggest that variation in the quality of parental care also can affect offspring fitness after hatching.
The relative importance of pre-vs post-oviposition maternal effects measured in this study is probably unique to the environmental conditions provided in the experiment. Because we used sphagnum as a substrate to maintain moisture and minimize bacterial and fungal infections, the size-dependent effect of the mothers could have been due to differential usage of the vegetation in positioning the eggs. Conducting cross-fostering experiments including other types of substrates found in oviposition sites (e.g., sandy soil or decomposing wood) or in the field could reveal varying contributions of preand post-oviposition effects in different environments. In addition, the amount of moisture and temperature can be varied to test hypotheses about the interaction of abiotic factors with size-dependent maternal effects on offspring development.
Correlations between the behavioral scores we measured and the foster mother's body size suggest that larger females may exhibit behaviors that enhance their offspring development, thereby affecting offspring body size. Larger mothers moved their eggs fewer times and tended to be in contact with their eggs more often than smaller mothers. Unfortunately, the exact mechanism through which these behaviors enhance development could not be determined by this experiment. The positive effect of contact time with eggs may be due to the reduction of desiccation or suppression of infections from microorganisms (see Forester 1984; Austin 2000) . It is interesting that the number of times mothers moved eggs was negatively correlated to offspring size since vibration of eggs (simulation of gular movements of the mother) has been shown to enhance egg survival (Forester 1984) . Gular vibration of eggs may enhance offspring development by increasing oxygen diffusion or minimizing the opportunity for fungi or bacteria to infect eggs (Forester 1984) . Larger movements of eggs, as counted in this experiment, may represent the level of agitation of the mother in caring for specific eggs. Future studies using specific manipulations and video surveillance can be conducted to test hypotheses about the exact behaviors that affect offspring size.
In conclusion, we have shown that offspring size in P. cinereus is a function of both egg size and the body size of the parenting mother. Although we do not yet understand the mechanisms through which larger mothers enhance offspring size during brooding, we report the first experimental demonstration of a post-oviposition maternal effect on a specific offspring trait for any amphibian. Future investigation of P. cinereus using the crossfostering technique promises to reveal the complexity of maternal effects in terrestrial amphibians, as well as their ecological and evolutionary significance.
